Genes under the control of the cyclooxygenase-2 (Cox-2), human epidermal growth factor receptor 2 (Her-2), and survivin promoters were constructed and delivered to murine and human carcinoma cells. It was found that P Cox-2-driven reporter expression was strong and correlated well with endogenous Cox-2 levels, while P Her-2 and P survivin yielded poor results, consistent with the three distinct expression mechanisms used by cancer cells to overexpress the endogenous versions of the selected genes. The P Cox-2 was then used to drive the expression of caspase genes both in vitro and in vivo to bring about targeted apoptosis of carcinoma cells successfully. The results led to the following conclusions. 1) When selecting a promoter/ enhancer for expression-targeted gene delivery, it is not enough to perform a microarray on some tumor tissue and select the control element associated with the greatest amount of gene up-regulation vs. normal controls. The mechanism of expression for the particular gene should be taken into account to prevent lengthy and costly research trials. 2) When overexpression is due to activator binding, a predictive model based on endogenous gene expression levels, overall cell transfectability, and cell doubling rates can be used to predict expression-targeted gene delivery outcomes with significant accuracy.-Dobek, G. L., Zhang, X., Balazs, D. A., Godbey, W. T. Analysis of promoters and expression-targeted gene therapy optimization based on doubling time and transfectability. FASEB J. 25, 000 -000 (2010). www.fasebj.org
One of the major problems of cancer therapy is the lack of tumor specificity of modern drugs (1) . Dividing cells are often targeted, including untransformed cells undergoing mitosis. This lack of specificity yields serious side effects for the patient as normal tissues face destructive attack by the chemotherapeutic agent. Although cancer gene therapy has attracted great attention since the first gene therapy protocol for cancer treatment was approved in 1989 (2, 3) , it still faces the specificity problem in that transgene expression ideally should be targeted to tumor cells only. Using tumorselective promoters to target gene expression is one method under investigation. Genes have been identified that show little or no activity in normal tissue but are up-regulated in certain types of tumors (1) .
Because the present investigations utilize the cyclooxygenase type 2 (Cox-2), survivin, and human epidermal growth factor receptor 2 (Her-2) promoters, a brief introduction to the genes follows.
Cox catalyzes the conversion of arachidonic acid to prostaglandin H2 in the biosynthesis of prostanoids (4) . Typically, Cox-2 is not expressed unless the cell is stimulated by growth factors, tumor promoters, cytokines, or hormones (5, 6) . However, Cox-2 also mediates the production of prostaglandin-E 2 , which is associated with neoplasia through the promotion of cell survival, cell growth, migration, invasion, and angiogenesis (7) . An up-regulation of Cox-2 expression has been demonstrated in various cancer types, including the esophagus (8) , stomach (9, 10) , colon (11) (12) (13) , and bladder (14 -17) , but not in normal cells derived from the same tissues, making it a focus for cancer chemotherapy and targeted gene delivery (8 -18) .
Survivin, a member of the inhibitor of apoptosis (IAP) gene family, inhibits natural cell death and promotes cellular proliferation (19 -21) . Survivin is strongly expressed during embryonic and fetal development, but undetectable in terminally differentiated normal tissues (22, 23) . Moreover, survivin mRNA or protein expression has been found in various cancers, including bladder (24) , colon (25) , esophageal (26) , breast (27) , and melanoma (28) , as well as cell lines such as NIH-3T3 (29) . In addition to gene therapy, other therapeutic trials targeting survivin include antisense oligonucleotides, siRNA, ribozymes, immunotherapy, and small-molecular-weight molecules (30 -34) . The investigation of survivin as a cancer biomarker has shown encouraging results, with the urinary level of survivin associated with bladder cancer presence, advanced stage, higher tumor grade, metastases, and mortality (35, 36) .
Her-2 is a transmembrane receptor protein found to be overexpressed in approximately one-third of primary breast carcinomas (37) . Her-2 overexpression has been shown to enhance proliferative, prosurvival, and metastatic signals in breast cancer cell lines (38 -40) . The overexpression of Her-2 in breast tumors makes it a potential target for cancer chemotherapy and gene delivery. Approximately half of Her-2-positive breast tumors respond to trastuzumab, a monoclonal antibody with Her-2 targeting properties (41) . Several studies have focused on adeno-associated virus-mediated gene delivery of trastuzumab and other anti-Her2 antibodies to suppress the growth of Her-2 positive tumors (42) (43) (44) . A phase I gene therapy clinical trial utilized a Her-2 promoter fragment/cytosine deaminase chimera combined with systemic administration of the prodrug fluorocytosine (5-FC), resulting in reduced tumor volumes (45) . These results support the potential use of a Her-2 promoter for the targeted gene therapy of certain breast cancers.
This study aimed to establish the effects of endogenous gene expression on the expression of nonvirally delivered genes. We sought to determine whether a correlation between transcription levels of native genes and transfection success of expression-targeted plasmids using the same promoter elements existed. We used the endogenous expression levels and expressiontargeted transfection efficiency data to predict the efficacy of promoter-driven anticancer treatments in vitro and in a mouse orthotopic model of bladder cancer.
MATERIALS AND METHODS

Cells
The murine transitional cell carcinoma cell lines MB49 (Anthony Atala, Wake Forest University Baptist Medical Center, Winston Salem, NC, USA) and MBT2 (Yi Luo, University of Iowa, IA, USA), the BT474 and SkBr3 human breast tumor cell lines [American Type Culture Collection (ATCC), Manassas, VA, USA], the NIH/3T3 murine fibroblast cell line (ATCC), and HFF-1 cell line (ATCC) were used for the current investigations. MB49 and 3T3 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA, USA), 100 U/ml penicillin, and 100 U/ml streptomycin (Invitrogen). MBT2, SkBr3, and HFF-1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. BT474 cells were also cultured in RPMI 1640 but with additional supplementation with 0.02 mg/ml bovine insulin. Cultures were maintained at 37°C and 5% CO 2 with medium changes every 2-3 d.
Plasmids
Survivin-GFP and survivin-iCasp9
The plasmid pEGFP-N1 (Clontech/Takara Bio Co., Mountain View, CA, USA) was used as the vector for construction of a survivin-driven plasmid coding for an enhanced green fluorescent protein (EGFP) or inducible form of caspase 9 (iCasp9), with the original CMV promoter being replaced by the murine survivin promoter. The inserted promoter sequence (Roswell Park Cancer Institute, Buffalo, NY, USA) was amplified via PCR using the following set of primers: forward, 5Ј-AAGattaatCATGCCCTGCGCCCGCC-3Ј (AseI site in lowercase); reverse, 5Ј-AAGaagcttCCTCCGCCAA-GACGAC-3Ј (HindIII site in lowercase).
Following digestion with AseI and HindIII, the PCR-amplified survivin promoter was ligated between the AseI and HindIII sites of the pEGFP-N1 vector. The survivin-iCasp9 plasmid was constructed through modification of the survivin-GFP plasmid, by replacing the EGFP exon with an exon coding for iCasp9 (exon supplied as a generous gift from David Spencer, Baylor College of Medicine, Houston, TX, USA) using SacII and BamHI restriction sites. Transformed colonies of E. coli DH5␣ (New England Biolabs, Ipswich, MA, USA) were selected on kanamycin-containing Luria-Bertani agar plates, and plasmid identities were verified by restriction analysis and sequencing.
Cox-2-GFP and Cox-2-iCasp9
The plasmid pEGFP-N1 was also used as the vector for construction of the murine Cox-2-promoter-driven plasmids, which code for EGFP or iCasp9. The murine Cox-2 promoter, also known as the murine 12-O-tetradecanoylphorbol-13-acetate (TPA)-inducible-sequence clone 10 (TIS10) promoter (46) , was provided by Carol Pilbeam (University of Connecticut Health Center, Farmington, CT, USA). Plasmids were constructed as described previously (47) .
Her2-GFP
Genomic DNA was isolated from human foreskin fibroblasts via chloroform-phenol extraction. Based on a published promoter sequence (48) , the Her2 (c-erbB-2) promoter was obtained through PCR amplification using the following set of primers: forward, 5Ј-AAGattaatCCTGGAAGCCACAAGG-TAAACACAA-3Ј (AseI site in lowercase); reverse, 5Ј-AGgaattcGGGCTCCCCTGGTTTCTCCGGT-3Ј (EcoRI site in lowercase).
The Her2/Neu-promoter-driven-GFP plasmid (Her2-GFP) was then constructed in a fashion similar to that described above for the survivin-GFP plasmid, again using the plasmid pEGFP-N1 as the vector. Plasmid identities were verified by restriction analysis and sequencing.
Real-time quantitative PCR
Cells were trypsinized and pelleted via centrifugation at 500 g for 5 min. Total RNA extraction was performed using the RNeasy mini kit (Qiagen Inc., Valencia, CA, USA), and first-strand cDNA synthesis was performed using an iScript Select cDNA synthesis kit with random primers (Bio-Rad, Hercules, CA, USA). Real-time PCR analyses were performed using an iCycler (Bio-Rad) in a total volume of 25 l that contained 12.5 l SYBR green supermix (Bio-Rad), 200 nM forward and reverse primers (Integrated DNA Technologies, Coralville, IA, USA), and 1 l template. Reaction mixtures were incubated at 95°C for 3 min, and reactions were allowed to proceed via 40 cycles of melting at 95°C for 10 s, annealing at 58°C for 30 s, and extension at 72°C for 45 s. The housekeeping gene GAPDH (GenBank; locus: BC020407, accession: BC020407) or 18s rRNA were used as internal references.
The primer sequences used for the detection of murine Cox-2 mRNA (cDNA) (locus: NM_011198, accession: NM_011198) were as follows: forward, 5Ј-TGCTCACGAAGGAACTCAGC-3Ј; reverse, 5Ј-AAATCCTGTGCTCATACATTCCC-3Ј.
The primer sequences used for the detection of murine survivin mRNA (cDNA) (locus: NM_009689, accession: NM_009689) were as follows: forward: 5Ј-TGTACCTCAAGAACTACCGCATCG-3Ј; reverse; 5Ј-CTATGCTCCTCTATCGGGTTGTCATC-3Ј.
The primer sequences used for the detection of Her2 mRNA (cDNA), also known as ERBB2 (locus: NM_001005862, accession: NM_001005862), were as follows: forward, 5Ј-ACCTAGCG-GAGCGATGCCCAACCAG-3Ј; reverse, 5Ј-AGATTTCTTTGT-TGGCTTTGGGGGA-3Ј.
Quantification was performed using the efficiency-corrected relative quantification method (49):
where "ratio" represents the relative mRNA level of the sample as compared to that of the control, "target" refers to the cDNA for the gene of interest for that particular experiment (such as Cox-2 or survivin), and "reference" represents GAPDH cDNA. E is the amplification efficiency of each primer set. As negative controls, we used the 3T3 and HFF-1 cell lines, and "sample" refers to the particular cancer cell line used to generate the given total-RNA sample.
Inducible caspases and their activation
iCasp9 is a caspase protein that remains inactive until dimerized via an exogenously delivered activator, AP21087 (Ariad, Cambridge, MA, USA). The activator allowed for post-translational control of the delivered gene (50) . The use of post-translational control allowed for a distinction between cell death that occurred as a result of the iCasp9 gene being delivered vs. cell death that may have resulted from the general act of nonviral transfection. The AP20187 was diluted in ice-cold ethanol before addition to the cells with a final concentration of 100 nM. Cells undergoing delivery of iCasp9 received the activator solution every 12 h for 60 h following each individual transfection. The activator was administered in vitro by the addition of 2.86 l of 100 g/ml AP20187 (in ethanol) to 2 ml of fresh growth medium.
In vitro transfections
Cells were plated in 6-well tissue culture dishes at a concentration of 10 5 cells/well and allowed to incubate for 12-16 h prior to transfection. The polycation polyethylenimine (PEI), with a reported weight-average molecular weight of 25 kDa (Sigma-Aldrich, St. Louis, MO, USA), was used as the gene delivery vehicle (51) . Because cell lines have different sensitivities to PEI dosages, each cell line was transfected with an experimentally determined optimum of PEI/DNA complexes (52) . The ratio of polymer to plasmid was held constant (7.5:1.0), but the number of complexes delivered was customized for each cell type.
PEI and DNA solutions were prepared separately in 50-l volumes using normal saline as the diluent; then the polymer was added to the plasmid to produce 100 l (per dose) of transfection complexes, which were allowed to incubate for 15 min prior to addition to cell wells that contained 2 ml of serum-free medium (51) . Transfections were allowed to proceed for 2 or 4 h at 37°C depending on the experiment, after which the transfection medium was replaced with growth medium.
Assessments of transfection efficiencies were determined via a FACSCantoII flow cytometer (BD Biosciences, San Jose, CA, USA). The relative activities of expression-targeted plasmids under the control of the Cox-2 promoter were determined by normalizing results from positive control CMV-GFP transfections: the number of cells expressing Cox-2-driven GFP was divided by the number of cells expressing CMV-driven GFP.
For cell survival experiments involving the Cox-2-iCasp9, survivin-iCasp9, or DsRed plasmids, plates were washed twice with PBS to remove nonadherant cells, and the remaining cells were trypsinized and counted using flow cytometry. Experiments were performed in triplicate, with 10 4 cells counted per experimental run per cell type, at a flow rate of 1 l/s. At least 3 experimental runs were performed for each cell type.
Cell doubling rates
Cells were plated in 6-well tissue culture dishes at a concentration of 10 5 cells/well. Cell counts were conducted via hemacytometer every 12 h, beginning 48 h after seeding. To determine the times needed for population doubling, the average numbers of cells at each time point were plotted vs. time, and exponential curves were fit to the data. The exponential curves, by definition, took the form y ϭ ae bx , which yielded doubling times equal to ln (2)/b.
Animal orthotopic tumor model
All experiments were performed with the approval of the Tulane University Institutional Animal Care and Use Committee. Female, 3-to 5-wk-old specific pathogen-free C57Bl/6J mice (Mus musculus) were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and allowed 7 d to acclimate before the start of the study. Mice were randomly assigned to treatment or control groups. The model was established as in our previously published protocol (53) . Following draining of the bladder, burn lesions were created via transurethral catheterization and delivery of 2.5 W delivered by a Bovie electrocautery unit (Bovie Medical Corp., St. Petersburg, FL, USA) set to coagulation. The wire was removed, and 100 l MB49 cell suspension with a concentration of 1 ϫ 10 6 cells/ml was delivered into the bladder. The syringe was left attached to the catheter to prevent efflux of the cell suspension, and the catheterized mice were maintained under anesthesia for 90 min to allow for cell attachment to the burn sites.
Ultrasound
Tumors were allowed to grow for 3-5 d, and then mice underwent ultrasound examination of the urinary bladder to monitor tumor growth. For ultrasound examination, animals were anesthetized as described above. Mice were placed in dorsal recumbancy, and abdominal skin was prepared by clipping the fur. A 24-gauge i.v. catheter was inserted transurethrally into the urinary bladder. Sterile normal saline (100 l) was instilled into the bladder through the catheter to improve bladder visibility on ultrasound. Ultrasound conduction gel was applied to the abdomen, and ultrasonography was performed to assess the bladder wall and lumen. When a majority of the mice showed evidence of bladder tumors on ultrasound, treatments began the following day.
In vivo treatments
Mice were anesthetized and catheterized to empty the bladder of urine as described previously (53) . Transfection complexes were delivered intravesically via transurethral catheterization with a total volume of 100 l. Transfection solution remained in the bladder for 2 h, after which the catheters were removed and animals were allowed to recover. The treatment was repeated every other day for a total of 6 transfections/mouse. Treatment groups included mice receiving saline only as a negative control, mice receiving survivin-iCasp9 or Cox-2-iCasp9 DNA only, and mice receiving both survivin-iCasp9 and Cox-2-iCasp9 in the same dose or separately on alternate days of treatment.
AP20187 solutions were administered daily starting the day following the first treatment, with 100 l being delivered per dose by i.p. injection. Each dose consisted of 4 l (2 mg/kg) of AP20187 suspended in 10 l polyethylene glycol (PEG 400) and 86 l 2% Tween 20. Mice were euthanized 2 d after the last treatment, and bladders were harvested to obtain tumor weights.
Statistics
For analysis of the cell survival forecast model, predicted values were plotted against the means of observed values, and 95% confidence intervals were plotted based on Student's t test (using 2 degrees of freedom; ref. 54). Pair-wise comparisons were made using heteroscedastic t tests. Groups of data were compared for differences in means via single-factor ANOVA.
RESULTS
Correlations between expression-targeted transgene expression and transcription of the corresponding endogenous gene
Real-time PCR was used to measure the relative mRNA levels of endogenous murine Cox-2 and survivin of 6 cell types: HFF-1 (normal human foreskin fibroblast), NIH-3T3 (normal murine fibroblast), MC38 (murine colon cancer), MBT2 (murine bladder cancer), MB49 (murine bladder cancer), and CT26.CL25 (murine colon cancer). The same method was used to analyze human Her-2 mRNA levels in NIH-3T3, BT474 (human breast cancer), and SkBr3 (human breast cancer) cell lines. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was selected as the internal reference to correct for possible PCR loading errors in all cases except for Her-2 experiments, which used 18s rRNA. Associated data are shown in Table 1 .
Transfection efficiencies achievable through the use of the Cox-2, Her-2, and survivin promoters were assessed by transfecting the cell lines with Cox-2-GFP (the GFP gene under the control of the Cox-2 promoter), Her-2-GFP, or survivin-GFP plasmids, with CMV-GFP transfections serving as positive controls for each cell line. The CMV promoter was chosen as the positive control because it is a strong promoter that has yielded robust transfection success in a multitude of cell types. Transfection efficiencies were measured via a FACSCantoII flow cytometer (BD Biosciences), and normalized to CMV-driven transfections to correct for variations in transfectability due to cell type. It was found that the expression of delivered genes coding for GFP and driven by the Cox-2 promoter positively correlated with the level of transcription of the endogenous Cox-2 gene (R 2 ϭ0.849; Fig. 1A) . A positive correlation also existed between Her-2-driven reporter gene expression and the endogenous level of Her-2 mRNA (R 2 ϭ0.890; (Fig. 1B) . However, the expression level of GFP reporter driven by the survivin promoter did not correlate well with endogenous survivin mRNA levels (R 2 ϭ0.365; Fig. 1C ).
Apoptotic activity of Cox-2-iCasp9 and survivin-iCasp9 in vitro
MB49, MBT2, and HFF-1 cells were transfected with plasmids coding for iCasp9 that were driven by the Cox-2 or survivin promoters. Transfections with the reporter plasmid DsRed (driven by the CMV promoter) and Cox-2-iCasp-9-transfected cells not receiving subsequent activation of the delivered-gene product were used as controls. HFF-1 cells were used as a negative control cell type to confirm specificity of the expression-targeted plasmids because neither murine Cox-2 nor murine survivin was detected in HFF-1 cells (Table  1) . It was observed that MB49 and MBT2 cells transfected with survivin-directed genes coding for iCasp9, with post-translational product activation, had significantly fewer surviving cells as compared to the same transfections without subsequent iCasp9 activation (t test, nՆ4, PϽ0.001; Fig. 2) . No significant differences were found between the unactivated iCasp9 controls and cultures transfected with the DsRed reporter for the three cell types examined (ANOVA; nՆ5/group). No significant differences were found in cell survival among any of the HFF-1 groups (ANOVA; nϭ3/group, Pϭ0.879).
Tumoricidal activity of Cox-2-iCasp9 and survivin-iCasp9 in vivo
These experiments utilized treatment every other day, with a total of 6 treatments. Survivin-iCasp9 transfection had no noticeable effect on the size of MB49 tumors in the mouse orthotopic model of transitional cell carcinoma (Fig. 3) . Likewise, survivin-iCasp9 alternated every other treatment with Cox-2-iCasp9 had no effect on tumor size. However, mice treated with either Cox-2-iCasp9 or a mixture of survivin-iCasp9 and Cox-2-iCasp9 (using the same total amount of DNA per treatment in each case) had noticeably smaller tumor burdens when compared with mice treated with saline only. The negative controls for these experiments all utilized animals that received no cells but were treated with Cox-2-iCasp9, alternating Surv/Cox-2-driven iCasp9, or a mixture of Surv/Cox-2-driven iCasp9 plasmids, with subsequent administration of the AP20187 activator solution as described in Materials and Methods. Figure 3 lumps all negative controls together for readability, but ANOVA analysis was performed using each negative control as an independent group. ANOVA indicated no significant difference in final bladder weights between the 3 negative control groups, mice receiving a mixture of Surv-and Cox-2-driven iCasp9 plasmids, and mice receiving straight Cox-2-iCasp9 plasmids (all with activation; PϾ0.05; nՆ4). Comparisons by t test between each of these two treatment groups and the negative controls lumped together also indicated a lack of significant difference between groups (PϾ0.05; nՆ4). Due to the low level of survivin-driven reporter expression in MBT2 cells, as well as the lack of survivin-driven efficacy against the Sham-treated control mice, mice treated with survivindirected iCasp9 plasmids, and mice treated with alternating survivin-and Cox-2-directed plasmids had large, red bladders containing solid tumors. Bladders from negative control group mice and mice treated with gene therapy complexes containing mixtures of survivin-and Cox-2-directed plasmids or Cox-2-iCasp9 plasmids only were clear and generally devoid of large tumors. There was not a significant difference between these latter groups (PϾ0.05; ANOVA; nՆ4). Negative control treatments involved the delivery of Cox-2-iCasp9, alternating Surv/Cox-2-driven iCasp9, or a mixture of Surv/ Cox-2-driven iCasp9 plasmids, with subsequent AP20187 activation, in animals without tumor cells.
MB49 tumors, in vivo experiments were not performed using the MBT2 bladder tumor cells in order to prevent unnecessary use of animals.
Determination of cell doubling rates
The Cox-2-promoter was selected for further modeling work because of the strength of correlation shown by Fig. 1 and the slope of the regression line in the same figure. The cell lines CT26.CL25 and MB49 were chosen for modeling because they showed the highest endogenous Cox-2 transcription levels of the cell types examined, which was synonymous with using the cell types tested that produced the greatest amount of Cox-2-driven GFP expression. Proliferation rates were determined empirically through cell counts taken during the exponential growth phase for several cultures, with exponential curves being fit to the data after the fact. The preciseness of fit was reflected through the R 2 values for the two curves: 0.983 for the CT26.CL25 cells and 0.993 for the MB49 (Fig. 4) . Using the formula presented in Materials and Methods, it was found that the doubling times were 22.2 h for the CT26.CL25 cells and 13.3 h for the MB49 cells.
Combination of cell cycle and endogenous expression data to predict outcomes
Although the combination of caspases 3 and 9 could effectively induce apoptosis in 48 -60% of CT26.CL25 and MB49 cells after one transfection, the treatment regimen was further optimized to include repeated gene deliveries. Transfections with caspases 3 plus 9, a combination determined to be effective in our previous work (52) , were administered to the two cell lines every 24 h for a total of 5 treatments. For the CT26.CL25 cell line, results revealed a dramatic reduction in cell viability from 40.51% to 6.98% as measured by FACS (Fig. 5A) . For the MB49 cell line, cell viability was reduced from 52.56% to 28.87% (Fig. 5B) . The difference in survival rates can be explained partially by the difference in doubling times between the two cell lines. With a doubling time of 22.2 h, the CT26.CL25 cells were being treated roughly once per cell doubling. However, having a doubling time of 13.3 h implies the MB49 cells were doubling almost twice between successive treatments, which would increase the number of cells that survived the treatment regimen. Holding the treatment frequency of 24 h for the CT26.CL25 cells as a standard, transfections occurred roughly once every 1.08 cell cycles. For a better comparison, the time between treatments for the MB49 cells would have to be adjusted to (1.08 cell cycles) ϫ (13.3 h/cell cycle) ϭ (Fig. 5B) .
A predictive model for cell numbers, taking into account the cell cycle and expression-targeted transfection efficiency (which takes into account endogenous gene expression levels) was next derived as follows: Assuming exponential growth, the number of cells in culture at time t can be represented by y ϭ Ae Bt . Given values for A and B, to predict the number of cells in culture at time t one needs only to plug a value for t into this equation. However, if certain discrete events that kill a percentage of the cells occur during the culture process, the model must be changed accordingly.
Suppose we are going to use expression-targeted gene therapy to deliver genes that code for proteins that will bring about cell death through apoptosis. Apoptotic cell death is important here because a specific molecule signaling death in one cell will not affect neighboring cells. Because the premise of expression targeting is that cells must express a related endogenous product, the promoter for which serves as the driving force behind transcription of the delivered gene, the percentage of cells in a culture that express a sufficient amount of the endogenous gene using the same promoter is important. Before the first treatment, there will be y cells in the culture, (␣y) expressing Cox-2, and (1 Ϫ ␣)y not expressing Cox-2.
If we let ε ϭ the transfection efficiency of a transfection system that utilizes a given gene delivery vehicle with a specific promoter-exon combination to transfect a specific cell type, then after the first treatment we can predict that there will be [(1 Ϫ ε) ⅐ (␣y)] ϩ [(1 Ϫ ␣) ⅐ y] surviving cells. After the first treatment, the total number of cells can be treated as having 2 terms: one represents cells not expressing the gene of interest, which will grow exponentially according to neg y ϭ neg Ae Bt ; and one represents cells expressing the gene of interest, which will also grow exponentially according to pos y n ϭ pos y (n-1) ⅐ e Bt , then be reset by a factor of ε to give pos y n ϭ (1 Ϫ ε) pos y (n-1) ⅐ e
Bt. This procedure can be performed for repeated transfections to yield a predicted number of surviving cells in culture following the treatment regimen (assuming exponential growth for each subset of cells over the entire treatment course).
The above forecast method was used to predict the number of cells that would be in culture following repeated transfections with Cox-2-driven caspases 3 and 9, and compared to cells counted following such treatments. The value for ␣ was found to be equal to 1 based on the fixation and labeling of untransfected cells with anti-Cox-2 antibodies followed by FACS analysis (Fig. 6) . The values of A and B were determined via empirical cell count data shown in Fig. 4 . Finally, because transfection efficiencies are rather difficult to determine when delivering plasmids that code for apoptosis-inducing genes, the expression-targeted transfection efficiencies for each cell type were determined using Cox-2-driven reporter genes.
Comparisons between the predicted and observed numbers of surviving cells are shown in Fig. 7 . Treatment groups were selected to be similar to those used for Fig. 5 , with the addition of a group that used a suboptimal preparation of PEI (by design) to test the predictive nature of the described formula. Statistical significance was determined by plotting the observed vs. the predicted numbers of surviving cells and applying the t statistic for 95% confidence and 2 degrees of freedom to generate a function for the confidence interval (Fig. 8) . From the figure, it can be seen that the regression line for the data points falls within the 95% confidence envelope, as does the origin. 
DISCUSSION
Cox-2 is one of the isoforms of the cyclooxygenase enzyme, which acts as the catalyst in the conversion of arachidonic acid to prostaglandin H2 (4). Cox-2 overexpression has been demonstrated in a wide variety of carcinomas but not in unstressed, untransformed cells derived from the same tissues, which makes it a focus for cancer chemotherapy and targeted gene delivery (8 -17) . In the past, we have shown that the Cox-2 promoter can be used to target transgene expression to Cox-2-overexpressing cancer cells (51) . The present study demonstrates a useful correlation between the expression of reporter genes under the control of the Cox-2 promoter and transcriptional activity associated with the expression of the endogenous Cox-2 gene. Consistent with our previous findings (51, 52), using the Cox-2 promoter for the delivery of caspase genes resulted in increased MB49 and MBT2 cell apoptosis in vitro and reduced MB49 tumor volumes in vivo. Even at a dose consisting of half the amount of Cox-2-iCasp9 DNA, tumor sizes in vivo were reduced significantly. These data showed that one can take advantage of the high Cox-2 promoter transcriptional activity to produce apoptosis in Cox-2 overexpressing tumor cells.
It should be noted that Cox-2 is overexpressed during the inflammatory process. This finding could imply that the delivery of transgenes directed by the Cox-2 promoter is to be discouraged for systemic gene therapies. However, low levels of endogenous Cox-2 expression are not enough to drive significant levels of Cox-2-directed transgene expression, as shown previously in human prostate epithelial cells and primary fibroblasts (51) . More research is needed regarding the amount of inflammation that can be present in a tissue during Cox-2-directed gene therapy applications. Localized therapies present no difficulties, though, as no problems were observed during in vivo bladder transfections.
Her-2 is a transmembrane receptor protein that is overexpressed in several types of cancers, including one-third of primary breast carcinomas (37) . The Her-2 data presented in Fig. 1B revealed that the transcriptional activity of transgenes directed by the Her-2 promoter correlate with the transcriptional activity of the endogenous Her-2 promoter. On the surface, this finding may seem to indicate that delivery of Her-2-directed anticancer genes could be an effective treatment for Her-2/Neu-positive breast cancers, but this is not the case. Transfectability of the BT474 and SkBr3 breast cancer types tested was low, even with CMV-driven plasmids. In addition, the slope of the regression line related to the Her-2 data (1ϫ10
Ϫ2
, Fig. 1B ) was much less than that for the Cox-2 data (0.0812, Fig. 1A) .
The low slope is not surprising in light of the mechanism of Her-2 up-regulation: rather than increased Her-2 production resulting from increased expression of transcriptional proteins specific to Her-2 promoters/enhancers, the up-regulation is due to an excess of copies of the Her-2 promoter (gene amplification) (55) . One might therefore predict that the expression of Her-2-driven transgenes (containing one copy of the Her-2 promoter per plasmid) would be approximately equal for all Her-2-positive cell types, regardless of the amount of endogenous Her2 being expressed. In consideration of the low transfectability of the Her-2-positive cells (as tested) and the low slope of the Her-2-directed transgene expression vs. endogenous Her-2 mRNA regression line, Her-2-directed gene delivery was not tested in vivo, and is not indicated for treatment of Her-2/Neu-positive breast cancers.
Survivin is the smallest member of the mammalian IAP gene family and may play important roles in the survival of cancer cells and malignance progression (19 -21) . Transcriptional activities of cell-specific promoters are typically expected to correlate with the level of expression of the corresponding endogenous genes, as in the case of the Cox-2 promoter. However, the survivin data presented herein revealed a lack of correlation between survivin-promoter-driven GFP expression and endogenous survivin mRNA levels. This differ- ence may be due to epigenetic regulation of the promoter as has been suggested by a number of studies (56 -59) . One such investigation reported that methylation of the survivin promoter in endometrial tissue will prevent binding of p53, a tumor suppressor protein. This lack of binding to the promoter leads to a higher expression of survivin and is correlated positively with carcinogenesis (56) . Another investigation found that methylation of the promoter and interactions with p53 played a role in survivin gene repression in human colorectal carcinomas (58) . The dichotomy of effects regarding promoter methylation indicates that methylation patterns of the survivin promoter (or the effects of such methylation) may be tissue specific. Until more information is gathered regarding the methylation patterns of the survivin promoter for specific cancers, survivin-directed gene delivery is not indicated for treatment of survivin-positive cancers.
In summary, we have demonstrated that a correlation exists between the expression of genes under the control of the Cox-2 promoter and transcriptional activity associated with the endogenous Cox-2 gene. We have also developed a model that, when such a correlation exists, can be used to predict the efficacy of expression-targeted delivery of proapoptotic genes to cancer cells. The predictive power of the model demonstrates that cell cycle should be taken into account when determining a treatment regimen, and that the transfection potential of the gene carrier is also important. Finally, in terms of selecting a promoter/enhancer for expression-targeted gene delivery, it is not enough to perform a microarray on some tumor tissue and select the control element associated with the greatest amount of gene up-regulation vs. normal controls. The mechanism of expression for the particular gene should be taken into account to prevent lengthy and costly research trials.
